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IMPEDANCE AND ADMITTANCE MEASUREMENTS AT INTERCALATED

n-HfSZ/NON—AgUEOUS ELECTROLYTE INTERFACE

Krystyna W. Semkow”*, Nirupama U. Pujare and Anthony F. Sammells*

Eltron Research, Inc.
Illinois 60504

ABSTRACT
Capacitance, impedance and admittance studies were performed on single
crvstal n-HtS) before and after copper intercalation from acetonitrile based

electrolyte. The n-HfS)/non-aqueous electrolyte interface was modelled by

equivalent R-C circuits containing frequency dependent elements.

Electro-

chemical intercalation by copper into n-HfS; introduced Faradaic conductance

effects. The composition of copper intercalated n-HfSy; in close proximity

to the interfacial region was obtained assuming a diffusion coefficient for

copper in n-HfS) of 10-8cm2/sec.

The photoanode demonstrated apparent

degeneracy for > 0.1 moles of intercalated copper, suggesting that progressive

electronic population of the n-HfS) conduction band was occurring. Capacitance

values for intercalated n-HfS); were of the order 10-6F/cmZ.

*Flectrochemical Society Active Member

Kev woerdes  hafnium disulfide, copper intercalation, impedance,
‘apacitance, admittance measurements
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troup VB transition metal dichalcogenides (TMDs) comprising HfS;, HfSej,
ZrS, and ZrSe, are interesting materials for photoelectrochemical (PEC) study
since thev can in principle function as both a photoelectrode and simultaneously
4s the substrate electroactive material for the reversible intercalation of
transition metal speciesl‘13. For example, it has already been reported that
ZrSy; and HfS,; are capable of maintaining their semiconducting properties after
partial electrochemical intercalation by either Cu or Fe to form ZrMySZ and
HfMySZ over the compositional range 0 < y < 0.2213, Such intercalation does
however result in a decrease of the band gap width. The group IVB TMDs have
4lso been shown susceptible to cathodic intercalation by alkali and alkaline
~artn metals and organic species7'12. As expected, intercalation into these
materials results in a widening of the van der Waals layersla. Group IVB TMDs
pussess an octahedral structure with electron photoexcitation within the semi-
conductor band gap proceeding from energy bands derived from bonding sulfur
p-orpitals into metal tpg d-orbitals®. These photoelectrodes possess indirect
band gaps with high absorption coefficients, since most incident photons become
captured within 1000A from the interfacial regionls.

Insight gained relating the dependency of photoelectrode properties for
these materials on the presence or absence of intercalated metal species, will
be nt wvaluce tor identifying conditions where they might be incorporated into
PEC cells possessing in situ electrochemical energy storage. Work reported
nere applies impedance and admittance measurement techniques to single crystal

n-rits materials in non-aqueous electrolyte, oriented parallel to the c-lattice

vectar i -c: where a high population of intercalation sites would be exposed.
Measurviment were performed on this photoanode before and after electrochemical
inter cajat:or by copper which allowed us to preliminarily model the interfacial
tewion.  Fror such information liquid non-aqueous electrolyte and solid polymer
wlectrolvte PF(O <torage cells using this photoanode might be more systematically
prepared.

EXPERIMENTAL

single crystals of n-HfS, were prepared by the halogen (Ij) vaper transport
technique (Northwestern University). 1Initial solid-state chemical reaction
hetween Hf (99.57) and S (99.9997) was accomplished bv heating an intimate
mixture together with Smg I;/ml of the quartz transport tube volume. This was

pertormed in a three temperature zone furnace. Typical thermal gradients used
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were between 875°C and 800°C. Crystal growth occurred over 25 days. In all

cases the relatively large crystals obtained were intrinsically n-type. Ohmic
contact to n-HfS), was accomplished by sparking indium onto one side of the
crystal using a 15 volt DC power supply. This was performed using a fine
indium wire as a cathode with the other pole of the power supply clamped to
the n-HfS, single crystal. When the indium wire was within slmm of the cry-
stal, a transient spark could be observed. This resulted in ion implan-
tation of indium into the ohmic contact region. Current collection was per-
formed with a nichrome wire attached with silver epoxy and cured at 120°C for
lh. Photoelectrodes were then appropriately isolated from later contact with
the electrolyte bv epoxy (Norton Chemplast), so that only the single crystal
tront tace of interest was exposed. Typical photoelectrode areas for Ii-c
nriented crvstals were 0.06cm2.

Measurements were performed in a standard glass H-cell arrangement using
a platinum counter electrode. SCE was used as a reference to the working
electrode compartment via a salt bridge. Photoelectrode potentials were con-
trolled by a Stonehart Associates BC 1200 potentiostat. Impedance, conductance
and capacitance measurements were performed using a Hewlett-Packard 4276A

digital LCZ meter over the frequency range 20kHz-100Hz.

RESULTS AND DISCUSSION

Work pertormed was directed towards investigating the interfacial character-

istics of single crvstal n-HfS; in liquid non-aqueous electrolyte (acetonitrile
containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPFg) as the sup-

porting electrolvte) in the presence of 0.001M CuCl, both with and without

copper intercilation,  From capacitance, impedance and admittance measurements
the = irn. l1gquid unction could be modelled by an equivalent circuit which
incoro rated treguency dependent resistances, Ry, capacitances, Cy, together
with rne n-drs. space charge capacitance, Cge. and the cell resistance Rgj.

I'he presence ot trequency dependent elements may originate from a variety of

charve accum:ilation modes such as surface states caused by adsorption, inhomo-
veneotis dopine and crvstal defects. Expressions for the total admittance Y,
impedance “. conductance G, and susceptance B, for an equivalent circuit con-
sisting of 4 large number of R-C elements, could be represented by the following

relationshxpslh°17:
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aw® + kbuw? (1)

-
L}

2 = Aw™N - jBw™" (2)
G = aw? (3)
B = bw" (4)

where A, B, a, b and n are characteristic circuit constants and w is the
angular frequency.

Impedance and admittance responses for ll-c oriented n-HfS;/acetonitrile
interface were performed over the frequency range 20kHz to 100Hz in the dark.
The impedance and admittance results for this interfacial region in the absence
of anv copper intercalation within the n-HfS; or copper present in the electro-
lyte are shown respectively in Figures 1 and 2. The dark photoelectrode
possessed an initial open-circuit potential (OCP) of -0.295V vs. SCE. The
impedance data (Figure 1) could be approximated by two linear regions corres-
ponding to high and low frequencies. From our previously reported workl® on

-¢ oriented n-HfS,, linear dependencies were found between real and imaginary
impedance over this whole frequency range for dark photoelectrode possessing
an OCP ot -0.103V, however at -0.253V two linear regions were observed, analogous
to the result obtained here. A change in dependence between real and imaginary
parts ot the cell i1mpedance with frequency, as in Figure 1, suggested a complex
equivalent circuit tor the interfacial region in which the impedance response of
one part predominates at low and another part at higher frequencies. From this
data the cell resistance (Rg)) was obtained by extrapolating the high frequency
impedance data to intinite frequency giving Rgy; = 1654.

Ihe admittance data shown in Figure 2 gave a semicircular plot possessing
4 radius of  n x 107% 1/4, equivalent to 1/Rp;. No additional semicircular
regilons were observed indicating a different frequency dependence of admittance
at hipgb and low frequencies. Therefore, if the n-HfS; interfacial region could
he represented bv one general equivalent circuit acting as two separate circuits
responsive to respectively high and low frequency regions, their time constants
must be simiiari¥9.'Y  Impedance and admittance responses for the li-c oriented
n-HtS . 1ntertace can be explained by the equivalent circuits shown in Figure 3a.
{n this figure Cq. represents a frequency independent capacitance attributed
to the photoanode space charge capacitance while C, and R, represent the fre-

Juency dependent capacitance and resistance, respectively, operating in high
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and low frequency regions. The magnitude of Cg. is usually relatively small

compared to C,, and in the low frequency region its contribution can be ne-
glected1¥:2V,  The network operating at higher frequencies (A) accounts for

the linear impedance response observed above lkHz, crossing the real impedance
axis at Ry (Figure 1) as well as for a semicircular admittance response of
radius 1/Rg] (Figure 2). Another network (B) accounts for a change in impedance
slope at frequencies below lkHz and appears to possess a semicircular response
analogous to that found at high frequencies. Upon introducing 0.001M CuCl into
the above cell, the dark n-HfSy OCP changed from -0.295V to -0.11V vs. SCE.
opper intercalation proceeded into the n-HfS; by potentiostatting the electrode
at -0.26V vs. SCE when a steady-state cathodic current of the order of %10uA
occurred. The cathodic electrochemical intercalation of n-HfS; by copper could
procecd in the dark since the necessary electrons are present as majority
carriers. Impedance and admittance data were obtained after respectively 42
min. and 1.9 min. after initiating intercalation (Figures 4 and 5). Assuming

a diffusion coefficient for copper intercalation of D = 10~8¢m2/sec, then a mean

intercalation depth X given by equation (5) can be calculated:
x =J 2Dt (5)

and the respective degree of intercalation to this depth X after 42 and 129
min. would correspond to the stoichiometries HfCup 1852 and HfCug, 3S2. The
impedance data obtained (Figures 4 and 6) approximated a linear relationship
between real and imaginary parts in the low frequency region with a circular
dependence being observed at higher frequencies. This latter observation sug-
zested an additional resistive element in parallel to the variable resistance

‘1. rhe etwork operating in the high frequency region shown in Figure 3a. A value
tor this new resistance R, was estimated on the basis of the semicircular radius
frawn throavt experimental data in this high frequency region. For n-HfS)
copper intercalated tor 42 min. R, was found to be of the order =200Q. Such
resistance wis not found in the absence of copper intercalation suggesting

that K, mav represent resistance for reversible intercalation by copper in n-HfS;.

At measurement frequencies below lkHz the imaginary part of the cell impedance
was tound to decrease by an order of magnitude after initial copper intercalation
and progressivelv decreased upon further intercalation as shown by reference to
Figures 1, 4 and 6. This observation suggested an increased capacitive cell

response in the low frequency region attributable to the presence of intercalated
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copper. Similar conclusions could also be drawn from the admittance data 5
shown in Figures 2, 5 and 7. For measurement frequencies below zlkHz copper )
‘ intercalated n-HfS); showed higher susceptance values (Figures 5, 7) compared
to when copper was absent (Figure 2). This suggests the presence of a capaci-
tive element associated with Faradaic copper intercalation C,, in series with
R, in this lower frequency range.

Admittance data obtained after respectively 42 and 129 min. of copper
intercalation demonstrated a semicircular response in both the low and high $
frequency region as shown respectively in Figure 5 and 7. This observation \
may be attributable to differences in time constants for predominant circuit
elements operating in high and low frequency ranges for copper intercalated VY
n-Hts .. the overall impedance and admittance response experimentally observed E
tor copper iotercalated n-HfS) in acetonitrile could be modelled by the equiv- N
alent circuits shown in Figure 3b. This circuit combines all the network ele- 4
ments explaining experimental observations in the high and low frequency regions. o
In these equivalent circuits the capacitance element C, associated with rever-
sible copper intercalation may be omitted in the high frequency region, whereas
n-HfS, space charge capacitance Cg. may be eliminated at lower frequencies.

To investigate the influence of intercalated copper on n-HfS); Cg. in

acetonitrile, impedance and admittance responses were analyzed as previously )
described by othersl6,17, Csc for li-c oriented n-HfSy in acetonitrile was ;
obtained bv subtracting susceptance values associated with cell resistance,
Re1, trom measured susceptance and by extrapolating capacitance data to infinite N
trequency (Figure 8). A value for Cge of 3.2 x 1077 F/cmZ at -0.295V vs. SCE
was obtained, higher than 2.5 x 10-7 F/cm2 at -0.103V vs. SCE determined in a A
previous studv!8 by us using similar single crystal material, as expected at .
the more negative electrode potential used here. The dark Cg. for n-HfSj 3
increased o 1.6 x 1076 F/cm? after intercalating copper at -0.26V vs. SCE and
remained essentially constant during the intervening (129 min.) intercalation
(Figure 9). The potential of the dark n-HfS) electrode after 10-129 min. \
intercalation was relatively constant and remained at :-0.1V vs. SCE during Ve
129 min. of intercalation. This suggested an equilibrium concentration of
Intercalated copper present after about 10 min. with further intercalation "
resulting in deeper copper incorporation into the crystal structure. For
longer copper deposition times than 129 min. unit activity copper was evident :

n the n-HIS, surface after which the OCP became -0.4V vs. SCE. Cycliec h
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voltammograms for copper intercalated n-HfS; in acetonitrile are shown in i
Figure 10. The current peak corresponding to the reversible intercalation of
copper was found to increase somewhat with time as the degree of copper inter- h
calation was increased. Again this suggested that the semiconductor surface
came relatively quickly to equilibrium (within =10 min.) in the concentration N
of 1ntercalated cupper.' For single crystal n-HfS; used in this work the initial
photoputential obtained prior to intercalation was 217mV under 100mW/cm2 ELH ")
illumination, but was found to decrease to 55mV upon initial copper intercala- ’
tion, j6mV after 5 min., at =10pA and 18mV after 10 min. No photopotential was b
observed atter 42 min.

Te gain turcher insight into the influence of intercalated copper on the )
kehavior of n-HfS) admittance spectroscopy analysis of the admittance data was

performed?l+22,  Results of this analysis are summarized in Figure 11. In the

(H

simplest case the n-HfS)p/electrolyte interface was assumed to consist of the S
space charge capacitance, Cg., connected in series with a bulk conductance Gg3. .
Bv comparing real and imaginary parts of the admittance equation for such an .
equivalent circuit, with the appropriate in-phase admittance components being -i
obtained experimentally, the following relationship can be obtained: I
. 4

Glw = w Csc2 Gel (6) &

G2 + (wCge)? .

where 7 represents the measured in-phase cell conductance. By plotting G/w -
Vs. . 1 maximum was given at :
b

Glwgax = Cge/? (7) N

trom which the space charge capacitance was determined. The peak G/w J

‘where . corresponds to the total cell conductance) was identified with the

n=HtS, space charee capacitance (curve A). Upon introducing CuCl into the E
clectradvre feurves B=D) evidence for an additional parameter in the equiva- :
lent ¢circuit hecame evident. This was interpreted as corresponding to a N
Faradaic conductance {n parallel to Cq. as shown by a linear log G/w vs. log w :{
relationship- ' +24. At sufficiently low frequencies the measured conductance -
became :quil to the Faradaic conductance. Thus, increased conductance in the E:
low/middle trequencv reglon for copper intercalated HfS), gave evidence for the ~3
Faradaic intercalation-deintercalation reaction of copper. Unfortunately, )
increased conductance by the cell due to electron transfer at the interface ;
:

Y

7 '
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overshadows effects from the space charge capacitance. Deposition of copper
onto the n-HfS, surface (curve E) shifted the conductance associated with the
Faradaic reaction to even higher values. This suggested a higher exchange
current density for this copper compared to that intercalated within the
n-HES,.

It has been suppested that metals intercalated into group IVB TMDs result
in the formation of energy levels within the band gap7. Copper deintercalation
trom voltammetric experiments occur even in the absence of any measurable pho-
topotential suggesting the formation of energy levels close to the conduction
band “durine intercalation. A similar explanation has been postulated23 for
velopropyiamine intercalated HfSe). Intercalation by copper or iron into

amd 1w by others!3 has indicated that the electrode remains semicon-
ducting at intercalation levels below HfCup 725). It is probable that in work
discussed here the degree of copper intercalation may have been higher than
calculated using the diffusion coefficient 10-8cm2/sec. To preserve n-HfS)
semiconducting properties the total charge passed during copper intercalation
should be lower than 0.3C per lem? for Il-c oriented material. Such inter-

calating photoelectrodes may eventually be of interest in liquid non-aqueous

or solid polymer electrolyte cells. In the latter cells the deintercalated tran-

sition metal ions would be stored in close proximity to the electrode/solid

electrolyte interfacial region.

CONCLUSION
The  -¢ oriented n-HfS)/non-aqueous electrolyte interface can be modelled

Bvoegnaeaient circuits consisting of space charge capacitance,cell resistance

and trequency dependent R-C elements. In the presence of intercalated copper

in n-tts, increased Faradaic conduction became evident related to intercalation-
deintercalstaon ot the interfacial region. The space charge capacitance of
ners i etonitrile was obtained by eliminating the capacitive response of
Creduenc. denendent olements and was found to be of the order 1077 F/em2.

fhix increased to 1070 F/em? after intercalating > 18M™/o0 copper into this
semiconductor. Electrochemical copper deintercalation proceeded in the dark

sugpesting that the semiconductor became degenerate at this degree of inter-
calation with a high population of electrons being localized close to the

n-Hf{S . conduction band.
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Figure 1.
Figure
Figure o
Figure 3b.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure K.
Frazure Y.
Sigure o,
Figure 11.

FIGURE CAPTIONS

Impedance response for t-c oriented n-HfSy in CH4CN
(0.1M TBAPFg) at OCP (-0.295V).

Admittance response for !l-c oriented n-HfSy in CH3CN
{0.1M TBAPFg) at OCP (-0.295V).

quivalent circuits for !'-c oriented n-HfS) in CH3CN
t0.1M TBAPFg) at high (A) and low (B) frequencies.

Equivalent circuit for copper intercalated !'-c oriented n-HfS;
in CHyCN (0.1IM TBAPFg + 0.001M CuCl) at high (A) and low (B)
frequencies.

Impedance response for !l-c oriented n-HfS; in CH3CN
(0.1M TBAPFg + 0.001M CuCl) after 42 minutes copper inter-
calation (=10upA) at ~0.26V vs. SCE.

Admittance response for Il-c oriented n-HfSy in CH3CN
{0.1M TBAPFg + 0.001M CuCl) after 42 minutes copper inter-
calation (=1QuA) at -0.26V vs. SCE.

Impedance response for ll-c oriented n-HfS; in CH3CN
(0.1M TBAPFg + 0.001M CuCl) after 129 minutes copper inter-
calation (=10pA) at -0.26V vs. SCE.

Admittance response for Il-c oriented n-HfS; in CH3CN
(0.1M TBAPFg + 0.001M CuCl) after 129 minutes copper inter-
calation (=10pA) at -0.26V vs. SCE.

Frequency dependent capacitance for ll-c oriented n-HfS) in
CH3CN (0.1M TBAPFg) at OCP (-0.295 vs. SCE). Geometric
electrode area 0.06cm?.

Frequency dependent capacitance for ll-c oriented n-HfS; in
CHaCN (0. 1M TBAPFg + 0.0UIM CuCl) after copper intercalation
at -0.26V vs. SCE (=z10pA) for 10 minutes (curve A), 42 minutes
‘curve B) and 129 minutes (curve C). Geometric electrode

areda U.chmz.

ivelic voltammograms for li-c oriented n-HfSy in CH3CN
¢0.1M TBAPFg + 0.001M CuCl) after copper intercalation of
-0.26V (210pA) for A) 2 min., B) 5 min., and C) 10 min.
Scan rate: 20mV/sec.

Relationship between G/w and w for ll-c oriented n-HfS; in

CH4CN (0.1M TBAPFg) without (curve A) and with (curves B-E)
0.001M CuCl. Curve A at OCP -0.295V vs. SCE. Curves B, C and

D after 10, 42 and 129 minutes respectively copper intercalation
at -0.26V (s10uA) (OCP -0.1lV); E after 130 minutes when copper
deposition on the n-HfS), surface became evident (OCP -0.4V vs.
SCE) .
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Figure ~. Agmittance response for Il-c oriented n-HfS) in CH3CN
“LIM O TRAPFe 4+ 0.001M CuCl) after 42 minutes copper inter-
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Fivare vdmittance response for jl-c oriented n-HfS; in CH34CN

MO THAPFg 4+ 0.001M CuCl) after 129 minutes copper
wter-alation (#10uA) at -0.26V vs, SCE.
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log w

Relationship between G/w and w for ll-c oriented n-HfSy in CH3CN
‘U.1M TBAPFg) without (curve A) and with (curves B-E) 0.001M CuCl.
Curve A at OCP -0.295V vs. SCE, Curves B, C and D after 10, 42 and
129 minutes respectively copper intercalation at -0.26V (310uA)
toCP -0.1V); E after 130 minutes when copper deposition on the
~-Hfs  gqurface hecame evident (OCP -0.4V vs. SCE).



A S e e -

e

-~ o s A

- .. W e - -

- e ———— -

AN IRIIROP OO .
ANOARUAEUATLC OB ORI N O

n‘l N .i‘u‘o.l u v o '. W 'f ..\. '!"

TN A St M A




